This paper studies dynamic adjustments of 49 world commodity prices in response to innovations in the nominal exchange rate and the world real GDP.
Introduction
World commodity prices often exhibit highly persistent and volatile movements. As Deaton (1999) points out, correctly understanding the stochastic nature of commodity prices is crucial for enhancing the welfare of many developing countries that depend on the export of a few commodities. For example, if deviations of the commodity price from its equilibrium path are short-lived, the government may employ stabilization policies to mitigate the transitory impacts of the shock that caused the deviation. On the other hand, if the commodity price contains a unit root so that shocks result in a permanent change in the commodity price, policy-makers need to re-formulate their development strategies to incorporate such changes.
Early research in the commodity price literature has focused on the Prebisch-Singer hypothesis (PSH; Prebisch (1950) , Singer (1950) ). PSH implies a downward deterministic trend in the relative price of primary commodities to manufactured goods, continually deteriorating the terms of trade of those commodity-dependent countries. Sapsford (1985) , Grilli and Yang (1988), and Helg (1991) , among others, reported overall supportive evidence of PSH using commodity price indices, whereas Cuddington (1992), Bleaney and Greenaway (1993) , and Newbold, Pfa¤enzeller, and Rayner (2005) obtained very limited evidence using disaggregated commodity price data instead of using aggregate indices. More recently, Kellard and Wohar (2006) , Harvey, Kellard, Madsen, and Wohar (2010) , and Ghoshray (2011) reported some nonlinear evidence in favor of PSH, allowing multiple structural breaks for a number of commodity prices.
A strand of researchers has estimated the persistence of commodity price shocks. For instance, Cashin, Liang, and McDermott (2000) claim that shocks to world commodity prices typically generate highly persistent e¤ects. In a similar study, Cashin, McDermott, and Pattillo (2004) estimated bias-adjusted half-lives of the terms of trade shock for 42 sub-Saharan African countries. Although they reported …nite half-life point estimates for majority (29 out of 42) countries, the point estimates were quite di¤er-ent across countries, ranging from 0.89-year to 34-year half life. Furthermore, most of their bias-corrected 90% con…dence bands extended to positive in…nity, meaning that statistical inferences on the length of the half-life are di¢ cult due to high standard errors. Ghoshray (2013) also argued that the persistence of shocks varies widely across individual commodities and over time.
Researchers also have investigated the synchronization (comovement) of primary commodity prices. See, among others, Cashin, McDermott, and Scott (2002) , Byrne, Fazio, and Fiess (2013) , and West and Wong (2014) . These comovement studies are closely related with an array of research works that analyze the source of underlying driving forces (common factors) in the world commodity market. For example, Frankel (2008) highlighted the important role of the real interest rate in commodity price dynamics, while Chen, Rogo¤, and Rossi (2010) point out the relationship between commodity prices and the foreign exchange rate of the so-called commodity currency such as Canadian dollars. Another related researches estimate latent common factors applying the method of the principal component to a large panel of time series data. See, among others, Chen, Jackson, Kim, and Resiandini (2014) , West and Wong (2014) , Byrne, Fazio, and Fiess (2013) . For instance, Chen, Jackson, Kim, and Resiandini (2014) demonstrated that the …rst common factor, estimated from a large panel of commodity price data, is closely related with the nominal exchange rate of the US dollar. Since these commodities are denominated in US dollars, their results con…rm that the dollar exchange rate serves a common underlying driving force of world commodity prices.
In the present paper, we investigate statistical properties of price ‡uctuations in the world commodity market by estimating dynamic adjustment paths of the commodity price toward a new equilibrium path in response to unexpected changes in the nominal exchange rate and the world real GDP growth. We focus on these two primary factors to maintain a simple and homogeneous model structure for 49 world commodity prices. Other potentially important factors such as storage costs, inventory levels, and short-term demand-supply conditions, see Williams and Wright (1991) and Deaton and Laroque (1992) , are treated as idiosyncratic factors that are contained in the stationary error term.
Using a vector autoregressive (VAR) model for the nominal exchange rate, the world real GDP, and the commodity price, we estimate the impulse-response function of 49 world commodity prices in response to the exchange rate shock and the real GDP shock. We then de…ne and estimate the dynamic elasticity of the commodity price with respect to these shocks. Instead of analyzing individual responses, we establish a number of stylized facts on commodity price dynamics utilizing kernel density estimates of the dynamic elasticity over time.
Our major …ndings are as follows. First, we observed the substantial degree of shortrun price stickiness when the nominal exchange rate shock occurs. In the long-run, however, exchange rate changes are roughly absorbed by changes in the commodity price in dollars so that the commodity price stays constant in the rest of the world. That is, the law of one price (LOP) holds on average in the long-run, re ‡ecting highly tradable nature of world commodities.
Second, the world real GDP shock (demand shock) tends to generate substantial price ‡uctuations on impact because adjustments of the supply can be quite limited in the short-run. The long-run elasticity with respect to the real GDP shock tends to be smaller than its short-run counterpart, because the supply can adjust fully to the shock and eventually counterbalances the increase in the demand in the long-run.
Third, we propose a measure of price stickiness. Kernel density estimates of this measure imply that the nominal exchange rate shock plays a more important role in explaining price dynamics in the long-run, whereas the real GDP shock contributes more to the short-run price dynamics. We also propose a measure of the contribution of the exchange rate shock relative to the real GDP shock, which con…rms these …ndings. That is, nominal shocks in our empirical model have a more persistent long-lasting e¤ect on commodity prices.
As Rogo¤ (1996) notes in his PPP puzzle, nominal shocks are considered to be shortlived, whereas real shocks yield slower adjustments toward the new equilibrium. On the contrary, Engel and Morley (2001) claimed that persistence of the real exchange rate is mainly driven by nominal shocks. Cheung, Lai, and Bergman (2004) also provided similar results. Our results are overall consistent with their …ndings.
The present paper also improves the work of Cashin, Liang, and McDermott (2000) and Cashin, McDermott, and Pattillo (2004) who used a univariate model that measures the persistence of the commodity price shock irrespective of the source of the shock. For example, we would expect a very di¤erent convergence path if unexpected changes in the commodity price was triggered by the exchange rate shock instead of the real GDP shock.
The rest of the paper is organized as follows. Section 2 presents our baseline VAR model framework. We also de…ne the dynamic elasticity with respect to structural shocks. Section 3 provides a data description and reports our major empirical …ndings. Section 4 concludes.
The Econometric Model
We use a tri-variate vector autoregressive (VAR) model for the nominal exchange rate (e t ), the world real GDP (y t ), and the commodity price (p t ). All variables are logtransformed. p t is ordered last in the VAR, meaning that other variables can in ‡uence it contemporaneously. 1 Given p t , unexpected increases in e t (appreciations of the US dollar) result in higher commodity prices in the rest of the world (e t + p t ). However, if p t decreases su¢ ciently and o¤sets the increase in e t , commodity prices in the rest of the world stay constant. When y t rises unexpectedly, this serves as a positive demand shock in the commodity markets, resulting in an increase in p t if the market supply fails to completely o¤set such an increase in the demand for commodities.
Since these variables are better approximated by an integrated process, that is, a nonstationary stochastic process, we employ VAR models after di¤erencing the variables. Abstracting from deterministic terms, we propose the following model. shocks, that is, Eu t u 0 t = I. We obtain the orthogonalized impulse-response function (OIRF) for 4e t and 4p t to a one percent exchange rate shock u e t as follows. p e (j) = E ( p t+j ju e;t = 1;
e e (j) = E ( e t+j ju e;t = 1; I t 1 ) E ( e t+j jI t 1 ) ;
where I t 1 is the adaptive information set at time t 1. Response functions of the level variables are obtained by cumulatively summing these response functions. 
that is, p e (j) = E(p t+j ju e;t = 1; I t 1 ) and e e (j) = E(e t+j ju e;t = 1; I t 1 ), because p t 1 = e t 1 = 0. 2 p t and e t are log-transformed series, therefore p e (j) and e e (j) are expected growth rates of the commodity price and the exchange rate over j period when the exchange rate shock occurs at time t.
3 We de…ne the following dynamic elasticity of the commodity price at time t + j with respect to the exchange rate as follows.
Similarly, we de…ne the dynamic elasticity of a commodity price with respect to the real GDP.
where p y (j) and y y (j) are the response function of the level variables p t and y t at time t + j, respectively, when there is a shock to the real GDP. We also propose a measure of stickiness of the commodity price as follows. 
For example, e is the share of the initial response of the commodity price to the exchange rate shock relative to its long-run response, whereas y is a similarly de…ned measure when there is a real GDP shock. Note that these measures provide information on price rigidity when each of these shocks occur. A small positive e or y implies a higher degree of price rigidity, whereas high positive values mean that price adjustments mostly take place on the impact of the shock. A negative number implies that the sign of the response changes over time, which often comes with a wide con…dence band that implies an insigni…cant response. Lastly, we de…ne the following index to measure the contribution of the exchange rate shock for the j-period ahead forecast variations in the commodity price relative to the world real GDP (demand) shock.
Naturally, the relative contribution of the world demand shock is de…ned by 1 (j). In what follows, we employ the following nonparametric kernel density function for x = p e (j); p y (j); e ; y ; (j).
where n is the number of commodity prices, h is the bandwidth parameter, and k( ) denotes a kernel function. 4 We choose the optimal h by conventional Silverman's rule of thumb.
Data Descriptions and Empirical Findings

Data Descriptions
We obtained 49 primary world commodity prices (p t ) from the International Monetary Fund (IMF) website. The data set includes 23 food prices (7 cereals, 5 vegetable oils, 4 meats, 3 seafoods, and 4 other foods), 4 beverage prices, 9 agricultural raw material prices, 8 metal prices, and 5 fuel prices. For details, see Table A1 in the appendix. All commodity prices are denominated in the US dollar. We transformed original monthly frequency commodity prices to quarterly frequency series by taking the end of period value, because the world real GDP growth rate ( y t ; 00199BPXZF), obtained from the International Financial Statistics (IFS) CD-ROM, is available in quarterly frequency. Observations span from 1980:I to 2013:IV. The nominal exchange rate (e t ) is the trade-weighted average US dollar index for major currencies (TWEXMMTH) that include the Euro area, Canada, Japan, United Kingdom, Switzerland, Australia, and Sweden. We obtained the monthly frequency data from the Federal Reserve Economic Data (FRED) for the same sample period, then transformed it to quarterly data.
Empirical Findings
We …rst estimate the tri-variate VAR model in (1) for each commodity price (p t ), then obtain the orthogonalized cumulative impulse-response function estimates as de…ned in (2) and (3).
It should be noted that responses of the nominal exchange rate (e t ) and the real GDP (y t ) to their own shock are quantitatively very similar no matter what p t is used in (1). On average, e t increases by 1:08% in the long-run in response to u e t = 1%. The standard deviation of the responses was 0:02%, which implies a very tight distribution of the estimate across commodities. The average response of y t in the long-run was 4:60% when there is a one percent shock to u y t . The distribution is again very tight with 0:18% standard deviation. That is, we obtained robust estimates for On the other hand, responses of commodity prices (p t ) to u Figure 1 reports some example impulse-response function estimates for corn (PMAIZMT) and Brent oil (POILBRE) prices along with their associated 95% con…dence intervals that are obtained from 500 nonparametric bootstrap simulations. Corn price decreases by 0:76% on impact when one standard deviation exchange rate shock (u e t = 3:63%) occurs, whereas Brent oil price decreases by 4:24% when the same shock occurs. In terms of the dynamic elasticity, these responses correspond to 0:21 and 1:17 for corn and Brent oil prices, respectively. That is, corn price exhibits a contemporaneously inelastic response, which implies a substantial degree of short-run price stickiness. On the other hand, Brent oil price slightly over-corrects (more than one-for-one adjustment) the exchange rate shock in the short-run. The long-run elasticity estimates are 1:23 for corn price and 0:99 for Brent oil price, respectively.
6 That is, corn price over-corrects the exchange rate shock, while Brent oil price just-corrects it in the long-run. In response to a one standard deviation real GDP shock (u y t = 1:58%), corn and Brent oil prices increase by 0:44% and 2:41% on impact, while they rise around by 7:04% and 5:34% in the long-run, respectively. The corresponding dynamic elasticity estimates for corn price are 0:28 and 0:95 in the short-run and in the long-run, respectively. On the other hand, the dynamic elasticity of Brent oil price are 1:52 in the short-run and 0:72 in the long-run. Note that Brent oil price over-reacts to the real GDP shock in the short-run, but its long-run response is somewhat muted.
Figure 1 around here
In what follows, we establish a number of stylized facts on world commodity price responses to the nominal exchange rate and the real GDP shocks based on empirical distributions of the dynamic elasticity estimates. Figure 2 reports kernel density estimates of the dynamic elasticity with respect to the exchange rate. We also report the point estimate for each of 49 commodity prices as well as its percentiles, p 0:05 , p 0:50 , and p 0:95 (p x is the x percentile), that are obtained from 500 nonparametric bootstrap simulations in Tables A2 and A3 in the appendix. Note that p 0:05 and p 0:95 constitute the 90% nonparametric con…dence band for each commodity price.
The median (mean) value of the contemporaneous elasticity, p e (0), was 0:66 ( 0:59), while those of the long-run elasticity, p e (1), was 0:94 ( 0:94). It should be noted that p e (j) = 1 implies that changes in the exchange rate (e t ) are completely absorbed by changes in the commodity price (p t ). That is, the commodity price stays constant in terms of the rest of the world price (p t = e t + p t ), which is consistent with the law of one price (LOP) proposition. Naturally, we choose p e (j) = 1 as a benchmark for a just-correction case. Given that, the median (or mean) of p e (0) implies a sluggish price adjustment in the short-run, whereas the median (or mean) of p e (1) is roughly consistent with LOP in the long-run.
To statistically evaluate the possibility of price-stickiness, we implemented a twosided t-test with the null hypothesis of zero degree of price-stickiness, H 0 : p e (j) = 1. The test rejects the null hypothesis for the contemporaneous (j = 0) elasticity at the 1% signi…cance level (t = 5:84), while it fails to reject the null for the long-run (j = 1) elasticity at any conventional signi…cance level (t = 0:86). That is, we obtained very strong evidence of short-run price rigidity. In the long run, the elasticity estimates are centered around the benchmark value ( 1), which means that commodity prices, on average, counterbalances the e¤ect of the exchange rate shock in the long-run.
These …ndings overall imply that LOP holds on average in the world commodity market, even though there exists a non-negligible degree of heterogeneity across individual commodities. The kernel density estimates are fairly wide both in the short-run and in the long-run. Tables A4 and A5 in the appendix. We select p y (j) = 0 as a benchmark elasticity, which may happen when the real GDP (demand) shock is completely absorbed by corresponding changes in the supply of the commodity.
As we can see in Figure 3 , dynamic elasticity tends to be greater in the shortrun than in the long-run. This means that commodity markets tend to rely on price adjustment in the short-run when there's a positive real GDP shock (demand shock), because short-run adjustments in the supply can be limited. On the other hand, positive demand shocks seem to greatly promote the supply of commodities in the long-run, which then curb further rapid rises in the commodity price. Consequently, the long-run dynamic elasticity tends to be smaller than the short-run elasticity when there's a real GDP shock.
Recall that the exactly opposite was true when exchange rate shocks occur. That is, these …ndings provide empirical evidence that nominal shocks can have more pronounced long-lasting e¤ects on the commodity price than real shocks, which is consistent with the …ndings of Engel and Morley (2001) and Cheung, Lai, and Bergman (2004) .
Also, we note that the standard deviation of the long-run elasticity (0:64) is much smaller than that of the short-run elasticity (1:64), which implies a greater degree of homogeneity of the long-run responses than the short-run responses to the real GDP shock.
Again, we implement a two-sided t-test with the null hypothesis, H 0 : p y (j) = 0. The t-statistic was 3:65 and 2:49 in the short-run and in the long-run, respectively. Even though the test rejects the null hypothesis for both cases, the t-statistic is greater (smaller p-value) for the short-run elasticity, meaning that the test provides a stronger evidence against the null hypothesis in the short-run. . We …rst note that most e estimates are positive (43 out of 49) and are distributed around its median value 0:64. Ruling out obvious outliers, the estimated distribution is quite compact and supports a partial adjustment ( e < 1) in the short run. Put it di¤erently, we report substantial degree of sluggish adjustments of commodity prices when there is an exchange rate shock.
On the other hand, y estimates are widely distributed around its median 0:30 with a large standard deviation (1:42). Large y estimates in absolute value imply that prices ‡uctuate substantially in the short-run when real GDP shocks occur, whereas the impacts of the real GDP shock becomes muted in the long-run possibly due to su¢ ciently large adjustments of the supply of commodities that counterbalance the increase in the demand. Note that results in Figure 4 are overall consistent with our interpretations on results in Figures 2 and 3 .
In a nutshell, these density estimates imply that the nominal exchange rate shock plays a more important role in explaining commodity price dynamics in the longrun relative to the real GDP shock, which contributes more to short-run dynamics of commodity prices.
Figure 4 around here
We further investigate these properties in depth by estimating the kernel density of the relative contribution of the exchange rate using the index in (7), (j) = j 7 That is, these estimates imply that the exchange rate shock contributes more to long-run price dynamics, whereas the real GDP (demand) shock in ‡uences the commodity price more dominantly in the short-run. These …ndings are again consistent with our previous empirical results. Nominal exchange rate shocks have limited e¤ects on commodity prices in the short-run exhibiting price rigidity, whereas commodity prices ‡uctuate greatly on impact when real GDP shocks occur, because adjustments in the supply of commodities can be sluggish in the short-run.
In the long run, on the other hand, LOP forces world commodity prices to respond more substantially to changes in the exchange rate via commodity arbitrages. On the other hand, the e¤ect of the real GDP shock becomes weak as adjustments in the supply of commodities curb the in ‡uence of increases in the world real GDP.
Figure 5 around here
Lastly, we repeat kernel density function estimations using real commodity prices as a robustness check analysis. For this, we de ‡ated all commodity prices using the US consumer price index (CPI) because all commodities are denominated in the US dollar. We obtained quantitatively very similar results, which is not surprising because dynamics of nominal commodity prices are similar to real prices because the CPI exhibits much less variations compared with individual commodity prices. All results are reported in Figure 6 . 
Concluding Remarks
This paper estimates and compares dynamic responses of 49 world commodity prices to unexpected changes in the nominal exchange rate and the world real GDP growth rate. Instead of looking at individual responses, we utilize kernel density function analysis to establish a number of stylized facts on commodity price adjustments toward a new equilibrium after these shocks occur. Our major …ndings are as follows.
First, we report strong evidence of short-run price rigidity in the world commodity market when nominal exchange rate shocks occur. However, changes in the exchange rate, on average, are absorbed by corresponding changes in commodity prices in the long-run so that the commodity price stays constant in the rest of the world. That is, the law of one price holds in the long-run.
Second, the world real GDP shock has a substantial positive e¤ect on the commodity price in the short-run. On average, the commodity price increases by over 0.8% in the short-run when there's a 1% shock. However, we obtained a fairly ‡at kernel density function that implies a high degree of heterogeneity across international commodity markets. On the other hand, the real GDP shock has a very weak impact on commodity prices in the long-run, as the supply of commodities eventually counterbalances the changes in the demand triggered by the real GDP shocks in the long-run.
Third, we propose a measure of price rigidity, which is a share of the short-run response of the commodity price relative to its long-run response. Our kernel density analysis implies a high degree of price stickiness when the exchange rate shock occurs. In response to the real GDP shock, we …nd much weaker and heterogeneous evidence of price rigidity across commodities.
Lastly, we de…ne and estimate the contribution index of the nominal exchange rate shock relative to the real GDP shock to ‡uctuations in commodity prices. Our results imply that the nominal exchange rate plays relatively more important role in explaining commodity price dynamics in the long-run, whereas the real GDP shock contributes more to short-run price ‡uctuations. Note: p% denotes the p th percentile obtained from 500 nonparametric bootstrap simulations. 50% is the median elasticity estimate. 5% and 95% constitutes the 90% nonparametric confidence band. Note: p% denotes the p th percentile obtained from 500 nonparametric bootstrap simulations. 50% is the median elasticity estimate. 5% and 95% constitutes the 90% nonparametric confidence band. Long-run responses are obtained by taking the 40 th period ahead response function estimate. 
